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Computational Simulation of a Heavy Vehicle
Trailer Wake

Jason M. Ortega, Tim Dunn, Rose McCallen, and Kambiz Salari

Lawrence Livermore National Laboratory: ortega17@llnl.gov

To better understand the flow mechanisms that contribute to the aerody-
namic drag of heavy vehicles, unsteady large-eddy simulations are performed
to model the wake of a truncated trailer geometry above a no-slip surface. The
truncation of the heavy vehicle trailer is done to reduce the computational
time needed to perform the simulations. Both unsteady and time-averaged
results are presented from these simulations for two grids. A comparison of
velocity fields with those obtained from a wind tunnel study demonstrate that
there is a distinct difference in the separated wake of the experimental and
computational results, perhaps indicating the influence of the geometry sim-
plification, turbulence model, boundary conditions, or other aspects of the
chosen numerical approach.

1 Introduction

Over the past several decades, a significant amount of effort has been put
forth to reduce the aerodynamic drag of heavy vehicles. It has been shown that
the power required to overcome the aerodynamic drag at highway speeds (70
mph) is on the order of 65% of the total fuel consumed by the engine of a heavy
vehicle. Thus, a reduction in the total aerodynamic drag will have a significant
improvement on the fuel economy of a heavy vehicle. The aerodynamic drag
can be divided into two components: viscous drag and pressure drag. For
the flow over a heavy vehicle at highway speeds, the Reynolds number is
large enough such that viscous forces can be safely ignored. Consequently, the
drag experienced by a heavy vehicle is primarily due to pressure drag. The
pressure drag is comprised of the pressure forces that exist on the front and
rear of the vehicle. In recent years, the pressure drag on the front of a heavy
vehicle has been successfully reduced by streamlining the tractor, installing
air shields on the tractor roof, or optimizing the relative height of the tractor
and trailer. However, the pressure drag on the rear of a heavy vehicle, also
known as base-drag, yet remains to be reduced on a widespread basis. This
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is due, in part, to the function of a heavy vehicle, which is designed to carry
as much cargo as possible. Thus, the shape of the cargo-carrying portion of
the heavy vehicle is boxy in nature with many sharp edges. While this shape
allows for a large cargo volume and easy access into the cargo bay, it poses
a major problem to streamlining the base of the heavy vehicle. Numerous
concepts have been proposed in the effort to reduce the base-drag of heavy
vehicles. Some of these concepts are passive in nature and include such designs
as boattail plates [1], ogives [2, 3], vortex generators [4], and turning vanes
[5]. Other concepts are active in nature and include such designs as blowing
devices [6]. Despite the large number of proposed solutions, none of them have
been implemented on a widespread basis on today’s commercial, heavy vehicle
fleets. The reason for this is that although some of these concepts can reduce
the base-drag by up to 10%, their design renders these concepts impractical,
unreliable, or too costly to maintain for use on a long-term basis. It is therefore
evident that the successful reduction of heavy vehicle base-drag will require a
better understanding of not only the physical mechanisms that contribute to
base-drag, but also the needs of heavy vehicle manufacturers and customers.
Only then, will it be possible to design and implement an effective base-drag
reduction concept.

As a first step in achieving this goal, a computational study is performed
on the base of a heavy vehicle geometry. Due to limitations in the number
of elements that could be used for timely completion of the simulations, a
simplified heavy vehicle geometry and flow domain are utilized. The purpose
of this paper is to present the results of this study and to make comparisons
with experimental data that were obtained from wind tunnel measurements.
The paper is laid out as follows. The vehicle geometry and computational
setup are presented in Section 2. Analysis of the unsteady and time-averaged
three-dimensional flow fields is given in Section 3. A comparison of the results
from these simulations and those from experimental data is made in Section
4. The conclusions and suggestions for future work follow in Section 5.

2 Computational Setup

An experimental test [7] investigated the aerodynamics of a 1/8th scale
Ground Transportation System (GTS) (Figure 1) in the NASA Ames 7 ft
× 10 ft wind tunnel. The purpose of this test was to provide experimental
data for the body forces, surface pressures, surface shear stresses, and three-
dimensional velocity fields in the wake of the GTS for use in validating com-
putational fluid dynamics (CFD) simulations. In the present computational
study, we perform fluid dynamic simulations on a simplified GTS geometry
and make comparisons with the experimental data.

The GTS geometry and flow domain are simplified in the following manner.
As shown in Figure 1b, the GTS geometry is truncated one height dimension
upstream of the model base. Additionally, the wind tunnel confinement of the
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GTS model is neglected and the simulations are performed with the trun-
cated GTS positioned above a two-dimensional ground plane. Through these
simplifications, the number of elements in the computational domain can be
significantly reduced, resulting in a reduction of the computational resources
required to perform this investigation. The resulting computational domain is
shown in Figure 2. One obvious drawback of this problem simplification is that
the resulting geometry may be too far removed from that studied in the wind
tunnel tests. Therefore, future investigations must investigate the influence
of model truncation and wind tunnel confinement on the results presented in
this study.

The unsteady, three-dimensional velocity and pressure fields are calcu-
lated with a Galerkin finite-element scheme [8]. The computed pressure and
velocity fields are first- and second-order accurate in space, respectively. The
simulations are performed using grids that have brick elements. Two fully, un-
structured grids are employed in the flow simulations: a coarse grid (384,000
elements) and a fine grid (1,054,000 elements). The minimum wall normal
spacing of both grids gives y+ values on the surface of the truck that are of
order 10. In refining the coarse grid to the fine grid, additional elements are
placed around the periphery of the truncated GTS geometry to better capture
the shear layers being shed by the GTS. Figure 3 shows a comparison of the
coarse and fine grids.

The surfaces of the ground plane and truncated GTS are treated with a no-
slip velocity boundary condition. At the inlet to the computational domain,
turbulent velocity profiles are specified on the ground plane and the GTS,
where the turbulent velocity profiles are given by

u

Uo
=

y

δ

1/7

(1)

where Uo = 92.65 m/s is the freestream velocity. δ is taken to be the turbulent
boundary layer thickness on a flat plate with a length of l = 6.26w (see Figure
1b) and is found from

δ = 0.37l(Uol/ν)
−1/5 (2)

where w is the width of the GTS model. Outside of the boundary layer, the
velocity specified at the inlet is Uo, yielding a width-based Reynolds number,
Uow/ν, of 2.0 × 106, where ν is the kinematic viscosity of air. On the top,
sides, and outlet faces of the computational domain, a zero natural boundary
condition is specified [8]. A large eddy simulation (LES) was done using a
Smagorinski turbulence model with a constant coefficient of 0.1. The solution
is advanced forward in time with a first-order Euler time integration method.
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3 Results

To visualize regions of rotational flow, a sequence of iso-surfaces of vorticity
in the wake of the truncated GTS is shown in Figure 4 for the coarse grid. As
the solution evolves, shear layers develop on the periphery of the truncated
GTS. These shear layers roll up into a vortex ring, which is advected down-
stream (Figure 4a). A secondary vortex ring begins to develop, though it is
not quite as coherent as the first. Shortly thereafter, the vortex rings break
apart and no evidence of the formation of new vortex rings is seen for the rest
of the simulation. These initial transients quickly subside and the shear layers
extend downstream of the base of the GTS. The shear layers undulate peri-
odically in time and frequently shed patches of vorticity into the bluff body
wake (Figure 4d). It can be seen that the massively separated wake interacts
with the ground plane downstream of the GTS, resulting in a flow separation
bubble on the ground plane (Figure 4d). The vorticity fields from the solu-
tion on the fine grid are slightly different in appearance than those obtained
for the coarse grid. Since the turbulent length scale is dependent on the grid
resolution, the vorticity fields calculated on the fine grid (Figure 5) possess
significantly more small scale structures than those found for the coarse grid.
Additionally, a review of the animations of the iso-vorticity surfaces reveals
that patches of vorticity often burst through the shear layers in the fine grid
solution, while no such phenomena is seen to occur in the coarse grid solution.

One of the more interesting calculated quantities is the helicity field in the
wake of the truncated GTS. Helicity is defined to be u × ω, where u and ω
are the velocity and vorticity vector fields, respectively. The helicity can be
thought of as a measure of a flow field that has a swirling nature to it. For
instance, a two-dimensional viscous vortex with an axial velocity component
acting co-linear with the vorticity field would be an example of a flow with
a positive value of helicity. Regions of a flow field that are irrotational (ω =
0) or have a no-slip boundary condition (u = 0) have a zero value of helicity.
Figures 6 and 7 show iso-surfaces of the time-averaged helicity in the wake
of the truncated GTS for the coarse and fine grids, respectively. The time
averages are calculated over the life of the simulation after the initial transients
have decayed. The surfaces denote values of helicity that are ±10,000 m/s2,
respectively. The coherent structures present in the wake of the GTS are most
clearly evident in the upstream views of the helicity iso-surfaces. It can be
seen that the top corners each spawn the formation of two oppositely-signed,
swirling flow structures. From the side views in Figure 6b and 7b, it is evident
that these structures are fairly robust and persist relatively far downstream
in the wake of the truncated GTS. The solutions on the coarse grid and, more
distinctly, on the fine grid demonstrate oppositely-signed surfaces of helicity
at the bottom corners of the GTS. However, these surfaces are smaller than
those being produced on the top corners, indicative of the influence of the
ground plane. Due to the potential upstream influence of the truncation of
the GTS geometry, the reader may be skeptical of the validity of these helicity
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surfaces and whether or not they would exist in an actual flow. To address
this issue, future computational studies need to determine the sensitivity of
these results to the upstream truncation condition, as well as the turbulence
model and other boundary conditions used in the simulations.

4 Comparison with Experiments

We wanted to determine how well the simulations with the truncated geom-
etry compare with the experimental data for the full GTS geometry [7] taken
at a Rew = 2.0 × 106 and yaw angle of 0o. For this comparison, the particle
image velocimetry (PIV) data of the wind tunnel study [7] is employed. Figure
8 shows a schematic of the PIV setup for vertical and horizontal mid-plane
velocity field measurements in the wake of the GTS. Post-processing of these
velocity fields allows for the calculation of other flow quantities, such as the
vorticity or kinetic energy fields.

Figure 9 shows a comparison of the time-averaged velocity fields in the
vertical planes for the coarse grid and fine grid, where the time-averaged
quantities are calculated in the manner described in Section 3. Figure 10
shows the corresponding PIV velocity measurements in this same plane. Due
to the limited field of view of the PIV camera, only a portion of the wake
of the GTS is measured in the PIV data. There is a difference in the wake
structure when comparing the results of the vertical mid-plane velocity fields.
For the solutions from both the coarse and fine grids, two counter-rotating flow
structures exist in the separated wake, with the top one positioned slightly
upstream of the bottom one. However, in the PIV data, there is no evidence for
a second flow structure. Perhaps, this second flow structure exists outside the
field of view of the PIV camera. The measured wake in the PIV data looks
very similar to the near wake of a bus [9]. This distinct difference between
the simulations and experimental measurements may be due to the effects of
truncating the model or neglecting the undercarriage on the GTS geometry
(e.g., the four supporting posts on the GTS model) and the wind tunnel walls.

Figure 11 shows instantaneous fields of the y-component of vorticity in the
horizontal mid-plane for the coarse grid, fine grid, and PIV data. As expected,
there is a distinct difference between the vorticity fields of the coarse and fine
grids, namely that the fine grid captures more smaller scale structures in the
shear layers being shed by the GTS. These small scale structures are also
evident in the shear layers measured in the PIV data.

5 Conclusions

Unsteady, three-dimensional, large-eddy simulations are done on the flow
about a truncated GTS geometry located above a no-slip surface. Calculations
of the vorticity field show the unsteady behavior of the shear layers being shed
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by the GTS geometry. Time-averaged iso-surfaces of helicity demonstrate the
existence of coherent flow structures that are formed from the corners of the
GTS. These structures do not readily dissipate and exist beyond the massively
separated wake. A comparison with the PIV velocity measurements made at
the same Reynolds number and yaw angle reveals differences in the structure
of the separated wake in the vertical mid-plane, perhaps indicating the influ-
ence of not including the model supports or of truncating the GTS model.
Future simulations on the GTS geometry must investigate the sensitivity of
the solutions to these effects, including the influence of the wind tunnel con-
finement, turbulent boundary layer treatment, and time averaging issues. In
regard to achieving the goal of reducing the drag of heavy vehicles, future
simulations also need to explore and to understand the flow physics of various
base-drag reduction concepts.
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Fig. 1. (a) Photo of the GTS geometry in the NASA Ames 7 ft × 10 ft wind tunnel.
(b) Schematic of the GTS geometry and location of the model truncation. w is the
width of the GTS model (0.3238 m).
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Fig. 2. Computational domain and boundary conditions for the flow simulations.
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(a) (b)

Fig. 3. Vertical mid-plane cross-sections (z = 0) of the (a) coarse and (b) fine grids
used in the computational study.

(a)  t = 0.0036 s (b )  t = 0.0093 s

vortex ring

(c)  t = 0.013 s (d )  t = 0.13 s

shear layer

ground plane
interaction

Fig. 4. Iso-surfaces of the vorticity magnitude at several times in the coarse grid
simulation.



Computational Simulation of a Heavy Vehicle Trailer Wake 9
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Fig. 5. Iso-surfaces of the vorticity magnitude at several times in the fine grid
simulation.
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(a)

(b)

Fig. 6. (a) Upstream and (b) side views of the time-averaged iso-surfaces of helicity
for the coarse grid.
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(a)

(b)

Fig. 7. (a) Upstream and (b) side views of the time-averaged iso-surfaces of helicity
for the fine grid.
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Fig. 8. Schematic of the PIV setup in the NASA Ames 7 ft x 10 ft wind tunnel for
(a) vertical mid-plane and (b) horizontal mid-plane measurements.

(a)

(b)

Fig. 9. Time-averaged velocity fields in the vertical mid-plane for the (a) coarse
and (b) fine grids.
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(a)

(b)

Fig. 10. (a) PIV velocity field measurements in the vertical mid-plane. For clarity,
a schematic of the velocity field in (a) is shown in (b).
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Fig. 11. Instantaneous y-component of vorticity in the horizontal mid-plane for the
(a) PIV measurements, (b) coarse grid, and (c) fine grid. The dashed regions in (b)
and (c) correspond to the region shown in (a).




